The following resources related to this article are available online at http://stke.sciencemag.org. Calcium is used throughout evolution as an intracellular signal transducer. In the mammalian central nervous system, calcium mediates the dialogue between the synapse and the nucleus that is required for transcription-dependent persistent neuronal adaptations. A role for nuclear calcium signaling in similar processes in the invertebrate brain has yet to be investigated. Here, we show by in vivo calcium imaging of adult brain neurons of the fruit fly Drosophila melanogaster, that electrical foot shocks used in olfactory avoidance conditioning evoked transient increases in cytosolic and nuclear calcium concentrations in neurons. These calcium signals were detected in Kenyon cells of the flies' mushroom bodies, which are sites of learning and memory related to smell. Acute blockade of nuclear calcium signaling during conditioning selectively and reversibly abolished the formation of long-term olfactory avoidance memory, whereas short-term, middle-term, or anesthesia-resistant olfactory memory remained unaffected. Thus, nuclear calcium signaling is required in flies for the progression of memories from labile to transcription-dependent long-lasting forms. These results identify nuclear calcium as an evolutionarily conserved signal needed in both invertebrate and vertebrate brains for transcription-dependent memory consolidation.
INTRODUCTION
One aspect common to most forms of persistent neuronal adaptations, including memory formation, addiction, and acquired neuroprotection (a process through which synaptic activity enhances the ability of neurons to tolerate harmful conditions), is the requirement for a dialogue between the synapse and the nucleus; this communication pathway is signal-induced and controls specific genomic responses that are critical for functional changes to be long-lasting (1-7). One possible mechanism for achieving specificity in the cellular responses is to dedicate specific signaling pathways to particular cellular adaptations. Alternatively, if a diverse set of adaptations has a common requirement, universal signaling mechanisms may have evolved that initiate appropriate genomic responses whenever adjustments need to be implemented long-term.
Studies of the mammalian nervous system suggest that calcium fulfills such a role as a universal signal transducer. Calcium acts locally near the site of calcium signal generation, for example, at the synapse (8, 9) , but it can also propagate information toward and into the cell nucleus to couple synaptic activity to genomic responses (10) (11) (12) (13) (14) . Indeed, in mice, nuclear calcium and one of its main targets, calcium/calmodulin-dependent protein kinase IV (Ca 2+ /CaMKIV), have emerged as key players in the consolidation and maintenance of memory, addictive behavior, development of chronic pain, and neuronal survival (14) (15) (16) (17) (18) (19) (20) (21) (22) . For example, in hippocampal neurons, the establishment of a neuroprotective transcriptional profile, consisting of a defined set of prosurvival and antiapoptotic genes that protect against a variety of otherwise toxic insults, requires the activation of synaptic N-methyl-D-aspartate (NMDA) receptors, nuclear calcium signaling, and CaMKIV activation of a transcriptional response mediated by the complex of adenosine 3′,5′-monophosphate (cAMP) response elementbinding protein (CREB) and CREB-binding protein (CBP), collectively referred to as CREB/CBP (14, (22) (23) (24) . Thus, a broad spectrum of persistent neuronal adaptations involves nuclear calcium signaling as a common mediator.
To assess whether the role of nuclear calcium signaling in controlling long-lasting neuronal adaptations is evolutionarily conserved and, hence, may also be used in transcription-dependent processes in invertebrate brains, we focused on olfactory memory formation in the fruit fly Drosophila melanogaster. Olfactory learning in flies involves several brain structures, including the mushroom bodies that are considered the primary association center of olfactory and aversive or appetitive stimuli (3, (25) (26) (27) (28) (29) (30) ) (see fig. S1A ). Odors are detected in the antennae and maxillary palp by olfactory receptor neurons, which project to odor-specific synapse clusters called glomeruli located in the antennal lobe. Projection neurons carry the output from glomeruli to higher centers of learning and integration, such as the mushroom bodies and the lateral horn. In the mushroom body calyces, projection neuron axons synapse with mushroom body Kenyon cells, with somata dorsal to the calyx and with axons that form prominent stalk-like structures termed lobes. Kenyon cells have bifurcating axons that project to either a and b lobes (collectively the a/b lobes) or to a′ and b′ lobes or to g lobes. Flies can be efficiently conditioned to avoid a certain odor if it is presented together with an aversive stimulus, such as an electric foot shock (31) (32) (33) , known to activate dopaminergic neurons that form multiple clusters throughout the brain and project to regions including the mushroom body calyces and lobes (34, 35) . The exact nature of the conditioning protocol determines the type of the resulting memories, which are classified as short-term memory (STM), middle-term memory (MTM), anesthesiaresistant memory (ARM), and long-term memory (LTM) (3, 4) . Of these memory forms, only LTM is dependent on gene transcription (36) and would, therefore, be expected to require an intact communication between the synapse and the nucleus. Several genes and signaling molecules are involved in LTM in D. melanogaster, which include calcium-permeable NMDA-type glutamate receptors (3, (37) (38) (39) , Ca that calcium may be an important signal during LTM formation. Here, we used recombinant calcium sensors in in vivo imaging experiments and inhibitors of nuclear Ca 2+ /CaM signaling expressed in adult D. melanogaster in a temporally and spatially restricted manner to assess the potential role of nuclear calcium in olfactory avoidance memory. We provide evidence for a key role of nuclear calcium in memory consolidation in flies.
RESULTS

Electrical foot shocks evoke transient increases in nuclear calcium in mushroom body neurons
To investigate the potential role of nuclear calcium signaling in olfactory avoidance conditioning of adult D. melanogaster, we assessed whether the stimuli used in this learning paradigm elicited calcium signals in the nuclei of fly neurons. We generated transgenic flies that contain an expression cassette, controlled by the Gal4-dependent upstream activation sequence (UAS), for the recombinant calcium sensor GCaMP3 (51) with and without a nuclear localization signal (NLS) (13) (Fig. 1A) . These fly lines were crossed either with the Gal4 driver line OK107 that targets transgene expression preferentially to Kenyon cells of mushroom bodies (Fig. 1, B and C), the primary association center of olfactory stimuli with aversive or appetitive stimuli in the posterior protocerebrum of insect brains (26) (27) (28) (29) (30) , or with a heat shock (hs)-inducible Gal4 driver line (hs-Gal4) for temporally controlled transgene expression in a subset of cells distributed throughout the brain (Fig. 1, D and E) . In the OK107 fly line, Kenyon cell nuclei labeled with GCaMP3.NLS are visible in posterior parts of the brain (Fig. 1B) , whereas GCaMP3 was detected in cell bodies, dendrites, and axons of Kenyon cells that form the calyces, peduncles, and the characteristic vertical and horizontal lobes of the mushroom bodies ( Fig. 1C and fig. S1A ).
We confirmed that GCaMP3.NLS was limited to the nucleus by confocal analysis of its colocalization with the nuclear chromatin marker histone2Av-mRFP (52) (Fig. 1, B and D) . In OK107/GCaMP3.NLS;H2Av-mRFP flies, colocalization analysis with an automatic threshold approach (53) revealed a 93.5% overlap between the two fluorescent signals that represented~98% of the total GCaMP3.NLS fluorescence intensity (n = 403 nuclei). These data indicated that the amount of extranuclear GCaMP3. NLS is less than 2%. Localization of GCaMP3 and GCaMP3.NLS outside the nucleus was also directly assessed in OK107 flies by quantifying colocalization with tubulin, a cytoplasmic protein. This revealed cytoplasmic and nuclear localization of GCaMP3 ( fig. S1B ) and an almost complete nuclear localization of GCaMP3.NLS in the mushroom body Kenyon cells of adult flies ( fig. S1C ). We observed a similarly strict nuclear localization of GCaMP3.NLS, when expressed with the OK6 line that targets transgene expression in motor neuron cell bodies of the ventral cord (54) ( fig. S1D ) or when the transgene was expressed in muscle cells of 3rd instar larvae with the muscle-specific promoter MHC (55) (fig. S1E). We also quantified the colocalization of GCaMP3.NLS with cytoplasmic markers in cultured cells: cultured mouse hippocampal neurons ( fig. S1F ) and the insect cell line High Five ( fig. S1G ). Quantitative analyses revealed that 5% of GCaMP3.NLS was extranuclear in vivo and in the cultured cells ( fig. S1H ).
For in vivo calcium imaging, we mounted the flies such that they could be exposed to the conditioning stimuli, a controlled stream of odor [3-octanol (OCT) or 4-methyl-cyclohexanol (MCH)] as the conditioned stimulus (CS) and a pulsed electric foot shock as the unconditioned stimulus ( fig.  S2 ). In flies expressing GCaMP3.NLS in mushroom body neurons (OK107/GCaMP3.NLS), foot shocks elicited calcium transients in the cell body region of Kenyon cells ( Fig. 2A) , which may reflect the fact that the mushroom body calyx receives a direct shock input from the small dopaminergic cell cluster PPL2ab (34, 35) . The calyx also receives direct odor inputs from antennal lobe projection neurons (35) ; however, they appear insufficient to generate detectable increases in calcium in nuclei of mushroom body neurons (Fig. 2B) . In flies expressing GCaMP3 (OK107/GCaMP3), robust fluorescence changes were observed after electrical and odor stimulations in the horizontal lobes of the mushroom bodies and in the calyx and Kenyon cell body region of the mushroom bodies (Fig. 2, C and D) . These shock-and odor-induced cytoplasmic calcium transients most likely resulted from direct inputs onto Kenyon cell axons and dendrites from antennal lobe projection neurons that relay olfactory information to the Kenyon cells and from dopaminergic neurons that present information about aversive stimuli to the mushroom bodies (3, 35, 56, 57) . These results showed that the shock, but not the odor input, to the mushroom bodies resulted in a cue-dependent generation of nuclear calcium transients in Kenyon cells.
We also investigated the responses to odor or foot shock when the calcium sensors were expressed in subsets of cells distributed throughout the brain using the hs-Gal4 driver line. Foot shocks, but not odors, elicited robust calcium responses with both nuclear (Fig. 2 , E and F) and cytoplasmic (Fig. 2, G and H) indicators. We observed nuclear calcium transients in dorsomedial subsuperficial brain areas evoked by foot shocks (Fig. 2E) , but not by odor stimulation (Fig. 2F) . The lack of odor responses in this brain region can be explained by the fact that insect olfactory systems show conserved major projections from the antennal lobes to the mushroom bodies and lateral horn but not to dorsomedial brain regions (58, 59) . Thus, foot shocks induced nuclear calcium transients not only in mushroom body neurons but also in other brain areas that may participate in relaying or processing shock information. Both shock and odor evoked cytoplasmic responses in subsuperficial dorsolateral brain regions (Fig. 2, G and H) . The cytoplasmic signals induced by odor stimulations were significantly smaller than those observed using the mushroom body driver line (Fig. 2, D , H, and I), suggesting only a partial overlap with the odor pathway to Kenyon cells.
Expression of nuclear calcium blockers during olfactory avoidance conditioning blocks LTM
We investigated the functional importance of nuclear calcium signaling during olfactory avoidance conditioning in D. melanogaster using transgenic fly lines that enabled Gal4-mediated expression of one of the two myc-tagged nuclear Ca 2+ /CaM signaling blockers, CaMBP4 (14, 22, 60) or 2xM13.NLS, or an inactive, scrambled version of 2xM13.NLS (S2mM13.NLS) as control (Fig. 3A) . CaMBP4 and 2xM13.NLS are both nuclear proteins that contain four or two copies, respectively, of M13, which is a CaM-binding peptide. CaMBP4 is derived from myosin light chain kinase of rabbit skeletal muscle (60) , and 2xM13.NLS is derived from myosin light chain kinase of chicken smooth muscle (61) . CaMBP4 does not buffer calcium but instead binds to and inactivates nuclear CaM complexes; it selectively blocks gene expression regulated by nuclear calcium signaling in cultured mouse hippocampal neurons and the long-term implementation of different forms of neuroadaptations in mice (14, 17, 18, 20, (22) (23) (24) . To confirm the effectiveness of 2xM13.NLS in the same system in which CaMBP4 was characterized, we tested the effect of expression of 2xM13.NLS or S2mM13.NLS in cultured mouse hippocampal neurons. Similar to the effects of CaMBP4 expression in these cells (14) , we observed that both proteins localized to the nuclei of expressing neurons ( fig. S3A ) and that expressing 2xM13.NLS, but not S2mM13.NLS, attenuated the action potential bursting-induced increase in the abundance of the immediate early transcription factors c-Fos and activating transcription factor 3 (ATF3) ( fig.  S3 , B and C). In adult flies, immunoblot analysis of brain extracts of hs-Gal4-driven genotypes revealed that heat shock-induced production of CaMBP4, 2xM13.NLS, or S2mM13.NLS occurred between 4 and 24 hours after heat shock and reached a peak in abundance between 12 and 18 hours after heat shock (Fig. 3 , B and C). All three proteins showed a widespread distribution of expressing cells in fly brains (Fig. 3D) . We observed an exclusive nuclear localization of CaMBP4 with the hs-Gal4 driver line and the mushroom body driver line OK107 (Fig. 3E ) that are expressed in neurons projecting to the a, a′, b, b′, and g lobes of the mushroom bodies. Similarly, both 2xM13.NLS and S2mM13.NLS localized to the cell nucleus in adult flies ( fig. S4 ).
To assess whether nuclear calcium signaling plays a role in any of the various forms of olfactory avoidance memory in flies, we expressed either of the nuclear calcium signal blockers, CaMBP4 or 2xM13.NLS, or the mutant control S2mM13.NLS using hs-Gal4. We used the heat shock expression system because it offers a tight temporal control of transgene expression (Fig. 3 , B and C) in ubiquitously distributed random subsets of cells (Figs. 1, D and E, and 3D), which include neurons essential for olfactory learning and memory in flies (37, 38, 45, 62, 63) . We conditioned flies when transgene expression reached its peak (12 to 18 hours after heat shock) during the respective conditioning trials (see schematic drawings in Fig. 4 ). We found no significant impairment in any of the tested transcription-independent forms of learning, STM, MTM, or ARM, in flies expressing any of the transgenes (Fig. 4 , A to F). However, LTM was significantly impaired by the expression of either of the two nuclear calcium signaling blockers, CaMBP4 or 2xM13.NLS (Fig. 4 , G and H). In contrast, all other genotype control flies [flies with only hs-Gal4 (hs-Gal4/+), flies with only CaMBP4 (+/CaMBP4), flies with hs-Gal4 and the scrambled control (hs-Gal4/S2mM13.NLS), flies with only 2xM13.NLS (+/2xM13.NLS)], exposed or not exposed to heat shock, had LTM performance indices that were indistinguishable from those of wild-type control flies (+/+)
Baseline Odor ( Fig. 4 , G and H). The failure to form LTM in animals expressing either nuclear calcium signaling blocker was not due to an impairment in perception, propagation, or association of the sensory stimuli delivered in the conditioning trials, nor was it due to an impaired recall of stored information, because the performance indices of all other transcription-independent memory forms (STM, MTM, and ARM) were comparable to those of wildtype control flies and genotype control flies exposed or not exposed to heat shock (Fig. 4 , A to F).
In contrast, when we disrupted the cAMP signaling pathway in parallel experiments by heat shock-mediated ubiquitous overexpression of dunce (64), which encodes a phosphodiesterase that degrades cAMP, we found, as expected, significant deficits in STM ( fig. S5 ), indicating that the experimental protocol applied in our experiments can detect failures in STM performance. These findings demonstrated that the nuclear calcium signaling blockers selectively impaired the formation of LTM.
Impairment of LTM formation by inhibition of nuclear calcium signaling is reversible
To rule out that inhibition of nuclear calcium signaling in the fly brain by CaMBP4 was due to permanent damage that would compromise neuronal function and nonspecifically impair the formation of LTM or its recall, we expressed CaMBP4 in a temporally restricted manner with the heat shock promoter and performed LTM conditioning either during or after the CaMBP4 expression. CaMBP4 was readily detected 18 hours after its induction with heat shock but was undetectable after an additional 24 hours (that is, 42 hours after heat shock) (Fig. 5A ). We found that spaced training done 42 hours after heat shock resulted in LTM scores in hs-Gal4/CaMBP4 flies that were similar to those obtained in hs-Gal4/CaMBP4 flies that had not been subjected to heat shock (Fig. 5B) . In contrast, hs-Gal4/CaMBP4 flies that were subjected to heat shock in parallel experiments but received spaced training during the period when CaMBP4 was abundant and at the same time of day (18 hours after heat shock) exhibited impaired LTM (Fig. 5B) . Thus, spaced training had to coincide with periods of CaMBP4 production to impair the formation of LTM. Once production of the CaMBP4 dropped, the potential to generate LTM was restored.
Region-specific inhibition of nuclear calcium signaling impairs LTM formation
Having established a role for nuclear calcium signaling in LTM using transgenic fly lines that ubiquitously expressed the engineered inhibitors, we examined in which brain regions and cell types nuclear calcium was needed for memory consolidation. We focused on mushroom bodies because the Kenyon cells generated nuclear calcium transients in response to the unconditioned stimulus (Fig. 2, A and C) . We achieved spatiotemporal control of CaMBP4 or S2mM13.NLS expression by combining the UAS transgenes with one of three different mushroom body Gal4 driver lines (OK107, c739, or 201Y) (Fig. 6A) (65) and with the ubiquitously expressed and temperature-sensitive Gal4 inhibitor, Gal80 ts (66) . Such triple-transgenic flies (OK107/Gal80 ts ;CaMBP4 or 201Y/Gal80 ts ;CaMBP4 or c739/Gal80 ts ; CaMBP4) were raised under restrictive conditions (18°C) to avoid CaMBP4 or S2mM13.NLS expression during development. One to 2 days after eclosion, flies were shifted to the permissive temperature of 31°C at which the temperature-dependent Gal80 ts inactivation permits CaMBP4 or S2mM13.NLS expression in those cells in which the chosen Gal4 driver is active. The OK107-Gal4 line drove transgene expression in neurons forming all mushroom body lobes ( Fig. 6A and fig. S1A ), whereas the c739 and 201Y driver lines showed a more restricted expression pattern confined to a/b lobes or g lobes, respectively (61) (Fig. 6A and fig. S6 ). In addition to their strong and subregion-selective expression in mushroom bodies, all of these Gal4 lines produce the transgene product to various degrees in other parts of the fly brain (65) .
Consistent with several reports on the Gal80 ts system (66), we found that the temperature-mediated derepression of Gal4 was a slow process, requiring 5 to 6 days at the permissive temperature. Neither the OK107/Gal80 ts ; CaMBP4 triple-transgenic flies nor the OK107/Gal80 ts ;S2mM13.NLS triple-transgenic control flies exhibited an impairment in STM after 5 to 6 days at the permissive temperature (Fig. 6, B and C) . However, the OK107/Gal80 ts ;CaMBP4 triple-transgenic flies exhibited an impaired LTM score (Fig. 6D) relative to identically treated genetic controls (Fig. 6, D and E) when spaced conditioning and LTM tests were done 5 to 6 days after shifting to the permissive temperature. Shorter periods of 2 to 3 days at the permissive temperature did not result in significant LTM defects in this genotype (OK107/Gal80 ts ;CaMBP4 performance index = 43.8 ± 2.7, n = 9) or in control genotypes (OK107/Gal80 ts ;S2mM13.NLS performance index = 44.2 ± 4.4, n = 7, and +/Gal80 ts ;CaMBP4 performance index = 39.5 ± 1.8, n = 5). Temporally restricted derepression of the nuclear calcium signaling blocking transgenes in the 201Y line resulted in LTM defects similar to those observed with OK107 (Fig. 6D) relative to identically treated genetic controls (Fig. 6, D and E) . We also analyzed c739 transgenic flies that had strong transgene expression exclusively in the a/b lobes (Fig. 6A) . We found that LTM scores in triple-transgenic flies expressing CaMBP4 after derepression of the c739 driver (Fig. 6D) were similar to those obtained in control flies (Fig. 6, D and E) . Thus, nuclear calcium signals that are critical for olfactory avoidance LTM were generated in neurons targeted by the driver lines OK107 and 201Y, but not in neurons targeted by c739.
DISCUSSION
We provide evidence that nuclear calcium signaling is essential for the conversion of conditioned experiences into transcription-dependent LTM during spaced olfactory avoidance training of adult D. melanogaster. The signaling pathway activated by shock-induced calcium transients in the cell nucleus was, however, dispensable for the formation of short-lasting, transcriptionindependent forms of memory. Thus, intact nuclear calcium signaling was needed for the progression of these olfactory memories from short-lived to long-lasting and transcription-dependent forms. Transient repression of nuclear calcium signaling with the nuclear calcium signaling inhibitor CaMBP4 did not induce permanent damage to fly neurons, but rather acutely and transiently impaired the formation of olfactory avoidance LTM. Together with the fact that the mammalian nervous system requires nuclear calcium signaling to establish a broad spectrum of transcriptiondependent adaptations (1, 67) , it emerges that nuclear calcium acts as a universal and evolutionarily conserved signal that initiates appropriate genomic responses needed for the implementation of stable adjustments.
In mammalian neurons, nuclear calcium acts primarily through nuclear CaMKs and controls the activity of CREB/CBP (12, (68) (69) (70) (71) and methyl-CpG binding protein 2 (MeCP2) (72) . The nuclear calcium-regulated gene pool in mouse hippocampal neurons contains nearly 200 genes, many of which are known or putative CREB/CBP targets and play roles in acquired neuroprotection, memory consolidation, and the development of chronic inflammatory pain (14, 18, 20, 22, 24, 73) . The activation of synaptic NMDA receptors is important for the initiation of the nuclear Ca 2+ /CaMK-CREB/CBP signaling module after synaptic stimulation (1, 11) . In D. melanogaster, a similar pathway may link nuclear calcium signaling to LTM formation. Suppression of NMDA receptor, CaMKII, or CREB function in mushroom body a/b or g neurons blocks the transcription-dependent formation of time-and cellspecific LTM traces encoding this memory (36, 39, 42, 46, 62) , which is consistent with activation of NMDA receptors in Kenyon cells generating a calcium signal that, at least in mushroom body g neurons, may be transmitted into the nuclei to activate a potential nuclear isoform of CaMKII (41) . CREB is a target of CaMKs and has a well-documented role in the formation of LTM in flies (42, 45, 46, 62) . Thus, it seems possible that an evolutionarily conserved nuclear Ca 2+ /CaMK-CREB signaling module may be primarily responsible for the induction of a learning-associated gene program in both vertebrate and invertebrate neurons.
With spatially restricted interference and imaging methods in fly brains, distinct memory traces have been identified in subregions of the flies' mushroom body and other brain regions, suggesting that different memory forms and memory phases are encoded in different brain structures. These include short-lived memory traces located in the antennal lobe (74) and the g neurons of the mushroom bodies (75) , and middle-term and slightly delayed memory traces in dorsal paired medial (DPM) neurons (76) and a′/b′ mushroom body neurons (77) . LTM traces have been mapped to the a/b and the g branches of the mushroom bodies (42, 46, 48, 75) , although other cells, such as the two dorsal-anterior-lateral (DAL) neurons (78) , two pairs of PPL1 dopaminergic neurons (49), cer-expressing glial cells surrounding the Kenyon cell bodies (79), or NMDA receptor-expressing neurons in the ellipsoid body of the central complex (38) , are also required for memory consolidation.
In the a/b and g neurons of mushroom bodies, we identified a dichotomy in the requirements of these cells for cAMP signaling and nuclear calcium. For LTM formation, a/b neurons (targeted by c739) required intact cAMP signaling (75), but not nuclear calcium signaling. Conversely, in g neurons of the mushroom bodies (targeted by 201Y), nuclear calcium was critical for the formation of LTM, whereas cAMP signaling has been reported as dispensable (75) . The a/b neurons may contribute to LTM through a mechanism that involves activation and nuclear translocation of cAMP-dependent protein kinase A and subsequent stimulation of CREB-dependent transcription (42, 46) . In contrast, g neurons may use nuclear calcium signaling, possibly to activate CaMKs, to control a potentially distinct transcriptional program. Differences in the genomic responses may be one reason why LTM traces that consist of an enhancement of the stimulus-associated calcium influx are detectable 9 to 24 hours after spaced training in a/b neurons (48, 77) and 18 to 48 hours after training in g neurons (42) .
Together, it seems that distinct subsets of mushroom body neurons that have been previously implicated in LTM use distinct different signaling cascades to control the appropriate LTM-associated genomic responses. Although mushroom body g neurons may represent key cells in nuclear calcium-dependent memory consolidation, it should be noted that the Gal4 driver lines used in this study can lead to expression of the transgene outside the mushroom body (65) . For example, using the hs-Gal4 driver line, we observed shock-evoked nuclear calcium transients in regions outside the mushroom bodies and deficits in LTM upon expression of 18 blockers of nuclear calcium signaling. Thus, it seems possible that interference with nuclear calcium signaling in regions other than the mushroom body may contribute to the LTM deficits that we observed.
In conclusion, we found that, similar to neuroadaptation in vertebrates, synaptic activity-driven calcium transients in the cell nucleus controlled a form of memory in flies. The importance of nuclear calcium signaling may not be restricted to the nervous system and, indeed, not even restricted to the animal kingdom. Calcium signaling is important for the immune response (80, 81) , and in plants, calcium signaling in the nucleus of root cells is at the center of symbiosis signaling (82) . Thus, the concept that persistent adaptations take place when calcium enters the cell nucleus to activate transcription may be common to many biological systems independent of cell type or phylogenetic borders.
MATERIALS AND METHODS
Recombinant DNA work and generation of transgenic flies
The recombinant adeno-associated virus (rAAV) rAAV-GCaMP3.NLS and UAS-GCaMP3.NLS encode the same nuclear calcium indicator. The entire coding sequence of pMUH-GCaMP3 (51) was amplified by polymerase chain reaction (PCR) with primers containing 5′ Age I and 3′ Bgl II restriction sites. The PCR product was inserted into 5′ Age I and 3′ Bgl II sites of rAAV EYFP-Nuc (pN1 EYFP-Nuc from Clontech), yielding rAAV-GCaMP3. NLS. The rAAV-GCaMP3.NLS vector was used to construct and package rAAVs (83) . The entire coding sequence rAAV-GCaMP3.NLS was amplified by PCR with primers containing 5′ Eco RI and 3′ Not I restriction sites. The second PCR product was inserted into 5′ Eco RI and 3′ Not I sites of pUAST injection vector to yield UAS-GCaMP3.NLS. The following primers were used: 5′-AGAACCGGTATGGGTTCTCATCATC-3′ (For_1) and 5′-ATGATGACAGCGAAGAGATCTCCT-3′ (Rev_1); 5′-TATAGAATTCGC-TAGCGCTACCGGTATGGG-3′ (For_2) and 5′-CTCATCTCAGAAGAG-GATCTGTAAGCGGCCGCTATT-3′ (Rev_2).
rAAV-2xM13.NLS and UAS-2xM13.NLS encode blockers of nuclear calcium signaling. GCaMP1.3 (61) was used as a template to amplify the chicken smooth muscle M13 peptide and parts of the cpEGFP by PCR with primers containing 5′ and 3′ Apa I restriction sites. Two copies of the PCR product were inserted into the Apa I restriction site of the pVP16_AD cloning vector (BD Biosciences, Clontech), yielding 2xM13NLS_VP16. Then, the coding sequence of 2xM13.NLS was amplified by PCR with primers containing 5′ Nhe I and 3′ Bam HI restriction sites. The restricted PCR fragment was inserted into 5′ Nhe I and 3′ Bam HI sites of the rAAV expression vector, which was modified by deletion of the original 5′ Nhe I site and insertion of a multiple cloning site containing 5′ Nhe I/3′ Bam HI sites and a myc tag at the 3′ end. The rAAV-2xM13.NLS vector was used to construct and package rAAVs (83) . Finally, 2xM13.NLS was subcloned into 5′ Bgl II and 3′ Not I sites of the pUAST injection vector to yield UAS-2xM13.NLS. The following primers were used: 5′-TGGGCCCAGTCGACTCAT-3′ (For_1) and 5′-TAAGGGCCCTCGATGTTG-3′ (Rev_1); 5′-TAAGCTAGC-GCCGCCACCATGGGCCC-3′ (For_2) and 5′-TAAGGATCCGTCCAGATC-GAAATCGTC-3′ (Rev_2); 5′-AGATCTAAGCTAGCGCCGCCATTT-3′ (For_3) and 5′-ATTGCGGCCGCTTACAGATCCTCTTCTGAG-3′ (Rev_3). rAAV-S2mM13.NLS and UAS-S2mM13.NLS each encode a scrambled control for the blocker of nuclear calcium signaling. The two copies of the M13 peptide of rAAV-2xM13.NLS were replaced by two copies of a scrambled M13 version (S2mM13). 5′ Nhe I, 3′ Bam HI, and 3′ Xho I restriction sites were added to the ends of the synthesized peptide sequence (GeneART). The scrambled peptide was inserted in-frame into 5′ Nhe I and 3′ Xho I sites of rAAV-2xM13.NLS, yielding rAAV-S2mM13.NLS. Finally, S2mM13.NLS was subcloned into 5′ Bgl II and 3′ Not I sites of the pUAST injection vector. The following primers were used: 5′-AGCGGATCCACCATGGGCCC-3′ (For_1) and 5′-ATTGCGGCCGCTTACAGATCCTCTTCTGAG-3′ (Rev_1).
UAS-CaMBP4 encodes a blocker of nuclear calcium signaling. The CaMBP4 construct (60) was amplified by PCR with primers containing 5′ Nhe I and 3′ Bam HI restriction sites. CaMBP4 consists of four copies of the rabbit skeletal muscle M13 peptide, each of which contains an N-terminal cryptic NLS (60) . The PCR product was inserted into 5′ Nhe I and 3′ Bam HI sites of modified rAAV expression vector, yielding rAAVCaMBP4, and then subcloned into 5′ Bgl II and 3′ Not I sites of the pUAST injection vector to yield UAS-CaMBP4. The following primers were used: 5′-AATTGGATCCCCCATGGGACCC-3′ (For_1) and 5′-ATTGCGG-CCGCTTACAGATCCTCTTCTGAG-3′ (Rev_1).
Fly stocks
Wild-type 2202U and hs-Gal4 (P26) flies were obtained from Y. Zhong, histone2Av-mRFP and histone2Av-GFP flies were obtained from J. Grosshans, and UAS-dunce flies were obtained from H. L. Atwood. UAS-GCaMP3 was obtained from L. L. Looger. The OK107, 201Y, and c739 driver lines and the UAS-mCD8-GFP line (84) were obtained from the Bloomington Stock Center. All flies used in the behavior experiments were outcrossed to the genetic background of the wild-type flies by crossing heterozygous virgins with 2202U males for six generations. Wild-type controls in all experiments were indicated as +/+. Embryo injections to generate the transgenic flies (UAS-2xM13.NLS, UAS-S2mM13.NLS, UAS-CaMBP4, and UAS-GCaMP3.NLS) were done by Best Gene.
Heat shock regimen
Flies were cultured in standard medium [agar (8 g/liter), yeast (18 g/liter), soy flour (10 g/liter), yellow cornmeal (80 g/liter), light corn syrup (22 g/liter), malt extract (80 g/liter), and propionic acid (6.25 ml/liter)] at 60 to 75% relative humidity and at 18°C to prevent leaky expression. For heat shock induction, flies were collected within 1 to 2 days after eclosion, placed in fresh food vials containing a strip of Whatman filter paper to absorb extra humidity, and kept at 18°C. Twelve to 18 hours before training, the vials were then submerged in a 37°C water bath until the bottom of the foam stopper (inside the vials) was below the surface of the water, thereby ensuring that the flies could not escape the heat shock. After the vials remained submerged for 30 min, the vials were transferred to the climate chamber room (25°C and 75% relative humidity). Training began immediately after the incubation period.
Immunoblotting and immunohistochemistry
For immunoblot analysis, either 10 heads of adult flies per sample were homogenized directly in 40 µl of preheated 1× Laemmli or hippocampal neurons were lysed by adding 200 ml of preheated 1× Laemmli. Additionally, samples were boiled for 5 min to denature all proteins. The supernatants were centrifuged at 14,000 rpm in a microfuge at room temperature for 5 min, loaded on 12% SDS-polyacrylamide gels, and run at 35 mA/gel for 90 min. Proteins were transferred directly onto a nitrocellulose membrane with a pore size of 0.45 µm (Schleicher & Schuell) in a wet transfer chamber for 1.5 hours at a constant potential of 20 V. As a control, the membrane was counterstained with Ponceau red (Serva) for 5 min. After incubation with blocking solution [5% milk powder in PBST (1× phosphatebuffered saline + 0.01% Tween 20)] for 1 hour, primary antibodies [mouse antibody against Myc (SC-40, Santa Cruz Biotechnology), mouse antibody against tubulin (Sigma), rabbit antibody against Gal4 DNA binding domain (Santa Cruz Biotechnology), rabbit antibody against CREB (New England Biolabs), rabbit antibody against pCREB (Upstate), rabbit antibody against ATF3 (C-19, Santa Cruz Biotechnology), or rabbit antibody against c-Fos (SC-52, Santa Cruz Biotechnology)] were added, and the membrane was incubated overnight at 4°C. On the following day, the membrane was washed with PBST. Secondary antibodies [goat antibody against mouse horseradish peroxidase (HRP) or goat antibody against rabbit HRP (Dianova)] were then applied for 30 min and then washed off with PBST. Finally, the membrane was subjected to an enhanced chemiluminescence detection system (ECL, Amersham) and afterward exposed to Kodak Hyperfilm for the desired time. Films were developed in a chemiluminescence film developer (M35M-Omat Processor, Kodak). Two-to 3-day-old flies were used for whole-mount brain preparation (85) . Briefly, fly brains were dissected in ice-cold Schneider's Drosophila Medium (Gibco Invitrogen) and fixed in 4% paraformaldehyde/PBS, 4% sucrose solution overnight at 4°C. The brains were washed in PAT (PBS containing 1% bovine serum albumin, 0.5% Triton X-100, and 0.05% Na-azide) at room temperature. After incubation with 3% normal goat serum for 1 hour, primary antibodies [mouse antibody against myc (SC-40, Santa Cruz Biotechnology), rabbit antibody against GFP (Molecular Probes), rabbit antibody against GFP conjugated to Alexa 488 (Invitrogen), rabbit antibody against DLG, or mouse antibody against a-tubulin] were added and incubated overnight at 4°C. On the following day, the brains were washed again in PAT, and secondary antibodies [goat antibody against rabbit conjugated to Cy3 (Dianova), goat antibody against mouse conjugated to Alexa 488 (Molecular Probes), or goat antibody against mouse conjugated to Alexa 568 (Invitrogen)] were added and incubated overnight at 4°C. The brains were then washed again in PAT for 24 hours before being counterstained and mounted in Vectashield containing 4′,6-diamidino-2-phenylindole (1.5 µg/ml). The brains were imaged using either a Leica SP2 confocal microscope with an HCX PL APO CS 40× 1.25 oil UV objective (Leica Microsystems GmbH) or a Zeiss LSM 700 confocal microscope with a 40× 1.25 oil or 63× 1.32 oil objective. Confocal z-stacks were processed using ImageJ and Adobe Photoshop software. Colocalization was calculated as the number of pixels above threshold for both channels (GCaMP3.NLS and H2Av-mRFP) divided by the number of pixels above threshold for GCaMP3.NLS, where threshold was determined automatically according to the method of Costes et al. (53) . Colocalization (GCaMP3.NLS and tubulin) was calculated with the same method.
Recombinant protein expression in hippocampal neurons and insect cell lines
The procedure used to isolate and culture hippocampal neurons has been described previously (24, 86) . Briefly, hippocampal neurons from newborn C57Bl6J mice (Charles River) were cultured in Neurobasal medium (Invitrogen) containing 1% rat serum, B27 (Invitrogen), and penicillin and streptomycin (Sigma). The vectors used to construct and package rAAVs have been described previously (22) . Neurons were infected with rAAV-GCaMP3.NLS, rAAV 2xM13.NLS, or rAAV S2mM13.NLS after 4 days in vitro. A total volume of 2.5 ml containing about 1 × 10 11 genomic virus particles was added directly to each 35-mm culture dish.
The coding sequences of rAAV-GCaMP3.NLS and rAAV-Btg2-mCherry. NES from recombinant adeno-associated viral mammalian expression vectors were PCR-subcloned and inserted into a pIE vector (Novagen) containing an IE1 insect cell-specific promoter. The resulting pIE-GCaMP3.NLS and pIE-Btg2-mCherry.NES were verified by sequencing and transfected into HI5 insect cells by standard calcium phosphate precipitation-based transfection techniques according to the manufacturer's recommendations.
Behavior studies
Olfactory associative learning was measured by training 2-to 3-day-old flies with a Pavlovian conditioning procedure (33) . Groups of about 60 to 100 flies were placed in the training chamber with air flow through the chamber at 750 ml/min. The flies were exposed to this novel environment for 90 s. Flies received one-session training, during which they were exposed for 60 s sequentially to the first odor, which was OCT or MCH paired with electric shocks [conditioned stimulus (CS+)], and then to the second odor, MCH or OCT without the electric shocks [unconditioned stimulus (CS−)]. The electric shocks were delivered at 60 V in 1.5-s pulses, repeated every 5 s for 1 min. Conditioned odor avoidance was tested immediately after training. During testing, flies were given 2 min to choose between the CS+ and CS− in each arm of a T-maze before being trapped, anesthetized, and counted. From these counts, a performance index was calculated as the difference of the number of flies avoiding the CS+ minus that avoiding the CS− divided by the total number of flies and multiplied by 100. Thus, an equal number of flies in each arm (representing no learning) yielded a performance index of 0, and an avoidance of the CS+ by all flies yielded a performance index of 100. The pure odors were diluted 1.5:1000 (OCT) and 1:1000 (MCH) in mineral oil. To eliminate naïve odor bias, experiments were performed in a counterbalanced design where both the allocation of OCT and MCH to the CS+ and the CS− and the order of presentation of the CS+ and the CS− during training were varied.
STM (3-min memory) was evaluated after one-session training followed immediately by the testing. MTM (3-hour memory) was evaluated after one-session training followed by a 3-hour interval at 25°C and 75% relative humidity before testing. Two forms of 24-hour memory were evaluated after either spaced (LTM) or massed training (ARM) (36) . Spaced training as an LTM paradigm consisted of 10 cycles of one-session training, with a 15-min interval between each session. Massed training as an ARM paradigm consisted of 10 cycles of one-session training, where each session immediately follows the previous one. For both spaced and massed training, flies were stored at 18°C and 60 to 75% relative humidity for 24 hours before training and were maintained at 25°C and 75% relative humidity for 24 hours between training and testing. Details of each procedure are shown as schematics in the relevant figure panels.
In vivo calcium imaging
Flies were anesthetized with CO 2 , their wings were removed, and their eyes and thorax were glued with three-component dental cement (Protemp II, 3M ESPE Dental Products) to a thin plastic coverslip covered with thin polyethylene foil. A hole was cut in the foil and head cuticle in a droplet of Este's Ringers solution (130 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 5 mM Hepes, 36 mM sucrose). Trachea and fatty tissue were removed to reveal the underlying brain. The preparation was then mounted onto a wide-field upright microscope (BX51WI, Olympus) equipped with a 20× objective (XLUMPLFL20xW, numerical aperture 0.95, Olympus) and an electron-multiplying charge-coupled device camera (Andor iXon DV885, BFi OPTiLAS) connected through a software interface (Cell^R, Olympus) to a Xenon fluorescent excitation source and filter wheel (MT-20, Olympus). GCaMP3.NLS was imaged with 470/40-nm excitation and 525/50-nm emission filters (AHF Analysentechnik). GCaMP3 showed some exponential decay in emission fluorescence at the start of imaging, but recovered fluorescence after several seconds in the dark, indicating that the fluorescence decrease results from photoisomerization (reversible bleaching) but not from permanent bleaching. For this reason, all experiments were performed at a constant exposure (15 to 30 ms with 2 × 2 binning) and imaging rate (2 Hz), and stimulations were commenced after baseline intensities had stabilized. All images were corrected for background fluorescence using a measurement from the same image in a region devoid of detectable recombinant fluorescent protein. Quantitative data using GCaMP3 are presented for each region of interest as DF/F 0 = (F − F 0 )/F 0 , where F represents the background-subtracted emission fluorescence intensity of GCaMP3 and F 0 represents the baseline F measured before each stimulation series. In vivo imaging was analyzed with Fiji where necessary, using the StackReg plugin to realign images to reduce artifacts due to respiratory movement. Electrical shocks (10 to 100 µA for 1.5 s, repeated every 5 s for 1 min) generated by an isolated pulse stimulator (AM Systems Model 2100, Science Products GmbH) in constant current mode were delivered to the fly's feet through a copper grid brought into contact with the feet of the fly with a micromanipulator (Narishige NMN-25, Science Products GmbH).
Data analysis
In all conditioning experiments, the performance indices were subjected to a one-way analysis of variance (ANOVA) followed by post hoc analysis with Tukey's test. Statistical significance is indicated by asterisks. All data were presented as means ± SEM. Statistical analysis of other data is described in the figure legends.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/6/274/ra33/DC1 Fig. S1 . Confocal analysis of the nuclear localization of GCaMP3.NLS in vivo and in cultured cells. . Schematic diagram of the in vivo calcium imaging setup. In vivo calcium imaging was performed with a wide field fluorescence microscope through an opening in the head cuticle of flies whose heads were glued to a coverslip and whose feet were in contact with a copper grid that delivered the electric shocks. Foot shocks consisted of repeated electric pulses (13 × 1.5 sec 10 µA pulses at 0.2 Hz). The fly's antennae received a constant stream of air passed through a vial containing either mineral oil alone or 10% OCT or MCH in mineral oil.
Fig. S3. Characterization of the nuclear Ca
2+ /CaM inhibitor rAAV-2xM13.NLS and the scrambled control rAAVS2mM13.NLS in cultured mouse hippocampal neurons. (A) Representative confocal images of hippocampal neurons uninfected (no virus) or infected with rAAVs expressing 2xM13.NLS or S2mM13.NLS, which contained a myc tag for detection with an antibody against myc (red). Nuclei of cells were counterstained with Hoechst (blue). Scale bar is 15μm. (B) Immunoblot analysis of hippocampal neurons uninfected (no virus) or infected with rAAVs expressing 2xM13.NLS or S2mM13.NLS. 2xM13.NLS and S2mM13.NLS were detected with an antibody against the myc tag. Neurons were unstimulated (--) or exposed to bicuculline (Bic, 50µM) for 4 hr to induce action potential bursting. The effect of 2xM13.NLS and S2mM13.NLS on the bicuculline-induced increase in the abundance of cFos and ATF3 is shown. The effect on the abundance of phosphorylated CREB (pCREB) and total CREB is also shown. (C) Quantitative analysis of the immunoblots of cFos, ATF3, pCREB, CREB, 2xM13.NLS, and S2mM13.NLS. All results were normalized to tubulin abundance. a.u. arbitrary units (n=3, * p < 0.05). 
